The growth behaviour of AIcaIigenes eutrophus using various concentrations of benzoate was investigated. In batch culture, growth was exponential and growth rate (p) and yields ( Y ) were high [cc = 0.51 h-l and Y*nzoate = 056 mol carbon (mol carbon)-l] when low concentrations of benzoate (< 5 mM) were used. These kinetic parameters were close to the maxima determined in a benzoate-limited chemostat [ccmx = 055 h-l and carbon)-'] and the part of the energy for maintenance was limited (m, = 4.3 f 2.2 mmol ATP g-1 h-l). When higher concentrations of benzoate were used (up to 40 mM), several metabolic limitations appeared. The specific rate of benzoate consumption was not altered, whereas growth was inhibited [K,(benzoate) z 27 mM]. Furthermore, high concentrations of catechol together with some 1,2-dihydro-l,2-dihydroxybenzoate (DHB) transiently accumulated in the medium. The accumulation of catechol was attributed to limiting flux through catechoI1,2=dioxygenase estimated to be 5.2 mmol g-l h-l, whereas that of DHB was provoked by an imbalance in the NADH/NAD+ intracellular content. The direct consequence of DHB accumulation was the induction of the mefa pathway for the degradation of catechol, and this pathway contributed up t o 20% of the total flux of catechol to the central metabolism. Finally, when very high concentrations of benzoate were used (55 mM), both growth and the specific rate of benzoate degradation were diminished due to a strong decrease in benzoate 1,2=dioxygenase specific activity. = 0.57 mol carbon (mol
INTRODUCTION
Alcaligenes ezrtropbzrs, a commonly occurring soil bacterium, possesses chromosome-encoded pathways for the degradation of aromatic compounds (Johnson & Stanier, 1971a) . In addition, plasmids extend the range of substrates degraded to pollutants such as 2,4-dichlorophenoxy-acetate (Rasul-Chaudhry & Chapalmadugu, 1991) , chlorobenzenes (Don e t al., 1985) , methylaromatics (Pieper e t al., 1985) or polychlorinated biphenyls (Bedard et al., 1987; Springael e t al., 1993) .
In A . ezrtropbzrs, the simple aromatic compound, benzoate, is metabolized via the ortbo (also named P-ketoadipate) pathway (Fig. l) , which has received far less study than the plasmid-encoded meta-cleavage pathways. The highly complex biochemical regulation of the ortbo pathway was partly elucidated for A. ezrtropbtls encoding the two lactone hydrolases of A . eutrophtls) have been cloned and studied (Schlomann e t al., 1991) .
Despite the rapid degradation of aromatic compounds by A . etltropbtls or Psetldomonas sp. observed in the laboratory, biodegradation appears to be far less efficient in natural environments. The presence of other compounds such as organic acids has sometimes been implicated and possible catabolite repression effects have already been examined. However, repression of the ortho pathway by such compounds has not been unambiguously demonstrated and the molecular mechanisms remain obscure (Ornston, 1966; Duetz e t al., 1994; Holtel et al., 1994; MacGregor et al., 1992; Ampe & Lindley, 1995) . Another possible cause for limitation of the catabolism of aromatic compounds by pseudomonads and related organisms would be oxygen limitation, a substrate in the ortho-and meta-cleavage pathways. This aspect, though not well studied, has already been evoked in the case of benzoate degradation by A . etltrophtls (Dols e t al., 1994; Zhou & Crawford, 1995) . However, most studies reported on the regulation of the catabolism of aromatic compounds have been performed with low or very low concentrations of substrates (generally below 5 mM) which do not necessarily reflect the stress conditions that bacteria encounter in on-site ' end-of-pipe ' waste water treatment where high concentrations might be expected with possible toxic effects.
This paper relates the study of the degradation of benzoate, a model substrate for the ortho pathway, by A . eutropbtls, with particular emphasis on the effect of substrate concentration. Firstly, a kinetic analysis of the growth of the organism on low concentrations of benzoate was performed. Then, the effects of high concentrations of benzoate on growth and biodegradation abilities, and the response of the cell to this stress were investigated. (1993) was used. Cell samples of known dry weight were removed directly from the culture, frozen immediately in liquid nitrogen and stored at -80 OC. To avoid artefacts due to variable amounts of biomass during extraction procedures, the cell sample volume was adjusted (and supplemented with fresh medium) to obtain a final biomass concentration in each sample of 200 mg cell dry wt 1-' . While thawing in ice, 100 pl KOH (10 M) or 200 p1 concentrated HCl were added to give a final pH of 12.5 or 1.2 for alkaline or acid extraction, respectively. In both cases quenching times were less than 0.5 s. The acid extraction procedure was achieved by incubating the HC1-treated sample (pH 1.2) at 50 OC for 8 min. before neutralizing with KOH (10 M) while agitating vigorously. After centrifugation at 12000g for 10 min at 4 OC, the supernatant was used for assays. Acid-labile NADH was extracted by incubating the KOH-treated samples at room temperature for 10 min. After centrifugation at 12000g for 10 min at 4 "C, the supernatant was immediately tested for NADH without neutralizing to avoid destruction of NADH. NAD' and NADH were assayed using the enzyme procedures described by Le Bloas e t al. (1993) by measuring the change of NADH fluorescence with a spectrofluorometer (Hitachi F2000).
METHODS
Uncoupling experiments. The possible uncoupling effects of benzoate, DHB, catechol and acetate on respiratory activity were assayed as follows. Cells grown on fructose were sampled during exponential growth phase and placed in the oxygen monitor described above. Oxygen consumption was followed in the presence or absence of the compound tested.
Metabolic fluxes. Metabolic fluxes (carbon and energy) were calculated using the BIONET stoichiometric modelling approach (Vallino & Stephanopoulos, 1990) , based on anabolic precursor (intermediary metabolites and coenzymes) requirements as cited for Escherichia coli (Ingraham e t al., 1983). This method assumes that the intermediary metabolite pools remain approximately constant, or at least undergo variations in concentrations which may be considered insignificant in comparison to the flux.
Chemicals. All chemicals were of analytical grade. cis,cisMuconate was synthesized by the procedure of Elvidge et a/. (1950) . DHB was prepared using A . eutropbus strain B9 by the procedure of Reiner (1971) . Purified C120 from A . eutrophus CH34 was a kind gift from G. Sauret-Ignazi (University Joseph Fourier, Grenoble, France). All other substrates, enzymes and coenzymes were obtained from Sigma.
plots.
RESULTS AND DISCUSSION

Growth with non-inhibitory concentrations of benzoate
When A . eutropbus was grown in batch culture in media containing 4 mM benzoate with a further addition of 5 mM to prolong growth, kinetic parameters were
On: Sun, 12 May 2019 23:43:32 18.8+2*8 mmol g-l h-l; R Q = 0*97+0.10] and a true exponential phase was observed. Using the data calculated for E. coli for the biosynthesis of building blocks (Ingraham et al., 1983; Holms, 1986) together with the kinetic constants observed during exponential growth on benzoate, carbon flux distribution through the central metabolism and associated energetic yields were estimated ( Fig. 2a ; Table 1 ). These estimations assumed that benzoate degradation via the ortbo pathway led to equimolar quantities of CO,, succinate and acetyl-CoA being formed. They indicate that little excess (or so-called ' maintenance ') energy was produced during this exponential phase, and that the cells had no apparent requirement for pyruvate dehydrogenase (PDH) activity, though the physiological importance of this observation remains obscure. The PDH of A. ezltrophtls has recently been demonstrated to share a common subunit (dihydrolipoamide dehydrogenase) with other enzymes in the central metabolism (Hein & Steinbiichel, 1994) , and the absence of PDH may allow the cell to use its pool of dihydrolipoamide dehydrogenase for other key reactions. To confirm the kinetic results seen in batch cultures, chemostat cultures of A. ezrtropbz4.s were established with benzoate as the sole carbon source and limiting substrate. Steady-states at dilution rates ( D ) ranging from 0.1 to 0.5 h-' were established and the kinetic behaviour thus obtained was evaluated. Plotting qbenzoate versus p gave a straight relationship whose slope gave a theoretical Growth of A . etltropbtls at high benzoate concentrations The maintenance coefficient estimated here is of a similar magnitude to that observed for a variety of microorganisms during growth on glucose (Pirt, 1975) . It would appear that benzoate is a good carbon and energy source for the growth of A. ezitrophtls with the capacity to support both rapid growth and high yields of biomass formation.
Inhibition of growth on high concentrations of benzoate
When batch cultures of A. ezltr0phzi.r were established in which different initial benzoate concentrations (17, 30,40 and 55 mM) were used, the specific growth rate diminished as the initial benzoate concentration was increased (Fig. 3a) . No true exponential phase could be observed in these cultures; growth rate increased as benzoate was degraded, i.e as residual benzoate concentration decreased (Figs 4 and 6) . The inhibition constant Ki at which p = pmax/2, was estimated to be 27+3 mM. Such growth behaviour, depicted in Fig. 3(a) , is typical of the growth inhibition by a weak acid. This phenomenon has already been described for E. coli, Clostridizlm tbermoacetictlm and other bacteria, especially through the inhibition of growth by the production of acetic acid (Wang & Wang, 1984; Luli & Strohl, 1990) , though benzoic acid has also been reported to inhibit the growth of E. coli (Salmond e t al., 1984) . These authors attributed the inhibitory effect of weak acids to a decrease in the capacity of the microorganism to maintain pH homeostasis. The inhibitory effect exerted by benzoate is different from that described for the growth of P.putida with phenol (Hill & Robinson, 1975; Yang & Humphrey, 1975) . This latter compound also inhibits growth, but the kinetics observed fit with Haldane's model (Haldane, 1965) . The uncoupling of the proton-motive force has been postulated to be at the origin of growth inhibition by organic acids (Herrero e t a/., 1985) . Thus, the effect of benzoate and catechol (compounds seen to accumulate under conditions of growth on benzoate) on the respiration rate of fructose-grown cells was assayed. Results showed that neither of the compounds tested provoked an increase in the respiration rate of fructose-grown cells (Table 2) . Indeed, both benzoate and catechol led to diminished rates of oxygen consumption while both DHB and acetate at concentrations several times higher than measured in the cultures had no effect on respiratory activity. It would appear that respiratory uncoupling cannot account for the inhibitory effect of benzoate.
Kinetic study of growth with 17-40 rnM benzoate
Growth of A . etltrophtls in batch cultures with benzoate concentrations of 17, 30 and 40 mM gave similar kinetic profiles, and only the culture with 30 mM will be described in detail (Fig. 4) . In the first phase of growth, specific rates of benzoate (qbenzoate) degradation increased progressively to reach 7k0.3 mmol g-I h-l. At values of qbenzoate in excess of that observed in batch cultures with non-inhibitory concentrations of benzoate (see Fig. 2a ), catechol was seen to accumulate in the medium. Catechol concentration reached 3.7 mM in both cultures with 17 or 30 mM benzoate and was reconsumed in the later phase of the culture. The net flux through the ortho pathway was estimated by the difference between the specific rate of benzoate consumption and that of catechol accumulation (i.e. qbenzoate-vcatechol). This value was found to be constant and equal to 5.2 & 0.2 mmol g-1 h-' (Fig. 4) , i.e.
the same as the qbenzoate found for non-inhibitory concentrations of benzoate. As well as the accumulation of catechol, small amounts of DHB were detected in the medium (maximum concentration around 0.6 mM). During the period of culture in which catechol was reconsumed, acetate accumulated together with trace amounts of hydroxybutyrate in the medium. This co- incided with the appearance of a bright yellow colouration of the supernatant, typical for the accumulation of 2-hydroxymuconic semialdehyde. The presence of this product of the meta-cleavage of catechol was confirmed by Growth of A . eutrophus at high benzoate concentrations spectroscopic analysis of the supernatant with a peak of absorption at 375 nm.
Carbon and energy fluxes for this culture prior to the period of catechol accumulation were estimated (Fig. 2b) .
Results with qbenzoate = 5.2 mmol g-' h-' and p = 0.3 h-' showed that maintenance represented 70% of the total energy (47-3 mmol ATP g-' h-' for a total of 67.5 mmol ATP produced 8-l h-l) and that a high flux (2.12 mmol g-' h-') through PDH was necessary.
Enzymic study of growth with 17-40 mM benzoate
The first four enzymes of the ortbo pathway were assayed throughout the culture with 30 mM benzoate (Fig. 5) .
Results showed that B120, DHBDH and C120 specific activities varied during the early hours of growth but remained constant after approximately 6 h of growth. It is interesting to note that DHBDH and C120 activities diminished during this transient period while B120 activity increased significantly. MCI specific activity showed a tenfold increase which took place throughout the entire duration of the culture. Similar observations were made for cultures with 17 and 40 mM benzoate.
Catechol accumulation. During the early stages of growth, it would appear that B120 limits benzoate degradation with a good correlation between the increase in B120 activity and specific rates of benzoate degradation. However, this situation changes radically once B120 has reached a maximum level. During this phase of the culture, the high B120 activity (> 8 mmol g-' h-') together with the high affinity of this enzyme for its substrates, namely benzoate, oxygen and NADH (respective K, values = 3.9, 4-3 and 10 pM as measured for the purified enzyme of Pseudomonas arvilla C-1 ; Yamagushi & Fujisawa, 1978 ,1982 ) ensured a high rate of conversion of benzoate into DHB. Both DHBDH and C120 specific activities, which diminished during the first 6 h of the culture, stabilized thereafter. The specific activity of C120 was considerably lower than that of DHBDH, though similar to that reported by Johnson & Stanier (1971a).
The overflow of catechol would appear to indicate a pathway bottleneck localized at the C120 step. In view of the high affinity of C120 for catechol (K, = 1.5 pM for crude extracts of A . etltropbus 335, this study; 0.3 pM for the purified enzyme of A . etltropbtls CH34, Sauret-Ignazi et al., 1996), the enzyme was certainly substrate-saturated and hence the low level of expression was most probably the cause of this bottleneck. This hypothesis is further supported by the finding that C120 activity was not inhibited by the presence of benzoate, DHB or cis,cismuconate. Thus the low activity of C120 limits the rate of catechol conversion to muconate and hence the overall flux through the ortbo pathway under growth at benzoate concentrations in excess of 5 mM, but not exceeding approximately 40 mM. This enzyme was postulated to be induced by either benzoate or DHB (Johnson & Stanier, 1971 b) though only low levels were induced when grown on lactate in the presence of DHB ( Table 3 ), suggesting that benzoate is the principal inducer. Similarly, neither catechol nor cis,cis-muconate induced higher expression of C120 in A . etltropbus. MCI. MCI, the enzyme downstream of C120 in the ortbo pathway, showed a characteristic increase in specific activity throughout the entire culture (Fig. 5) . Its affinity for cis,cis-muconate is low (K, = 190 pM for crude extracts of A . etltrophus 335, this study; K, = 55.8 pM for the purified enzyme of Psetldomonas B13, Meagher e t al.,
1990
; 100 pM for that of P. putida, Ornston, 1970) . In addition, if the presence of organic acids (benzoate, DHB, but also lactate, acetate, succinate, fumarate, oxaloacetate, citrate, isocitrate, glyoxylate or formate) at concentrations of 1-10 mM had little or no effect on the conversion of muconate into muconolactone, catechol was found to be a strong competitive inhibitor (Ki = 43 pM) of MCI.
Since no muconate was detected in the culture supernatant, even when high concentrations of catechol (up to 3.7 mM) were present, MCI specific activity was not limiting. It remains to be seen if the progressive increase in expression throughout the culture was necessary to maintain flux through the reaction in the presence of catechol.
DHB accumulation. Cultures for which significant accumulation of catechol was observed also showed DHB accumulation, though later in the fermentation. Since it has been shown that neither benzoate nor catechol influence activity of purified DHBDH (Reiner, 1972) in uitro, the simple enzyme equilibrium effect can be ignored. It was observed that DHB accumulation was often accompanied by trace amounts of hydroxybutyrate in the medium and the presence of polyhydroxybutyrate granules within the Ell. These responses in A. eutrophus are generally interp-reted as being symptomatic of a requirement for an additional electron sink (Steinbuchel & Schlegel, 1991) . The obvious explanation of limiting oxygen availability for respiration needs to be examined, though PO, was at all times greater than 70% of air saturation. When measured, the NADH/NAD' ratio was seen to increase gradually from an initial value of 0.08 during batch culture to 0.2 (Fig. 5) Girbal & Soucaille, 1994) but not to our knowledge for the enzymes involved in the catabolism of aromatic compounds. Affinities of B120 for NADH and of DHBDH for NAD' have been determined to be 10 and 150 pM, respectively (Reiner, 1972; Yamagushi & Fujisawa, 1978) . The ratio of these affinities (0.07) is close to the NADHINAD' ratio found at the start of the culture. However, the shift in the NADH/NAD' ratio, possibly due to the inhibitory effect of catechol on respiratory activity (see above), would certainly contribute to the diminished in uiuo activity of DHBDH. Supportive evidence for this stress condition may be seen in the increase in NADH oxidase activity which provides an alternative oxidation pathway under conditions in which energy excess conditions are encountered (CocaignBousquet & Lindley, 1995) and thus avoids excess ATP production.
Induction of the catechol meta-cleavage pathway
The appearance of a yellow colouration of the medium during growth on high concentrations of benzoate has been described (Johnson & Stanier 1971a ). However, no evidence for the induction of the meta-cleavage pathway has yet been reported despite the use of the appearance of a yellow colour (2-hydroxymuconic semialdehyde) as a test for the presence of this pathway. Several substrates and intermediates of the ortho-cleavage pathway were tested for their ability to induce the synthesis of C230 (Table 2) . Catechol did not act as an inducer, contrary to what has been suggested by Johnson & Stanier (1971a) . Indeed, it is logical that catechol cannot act both as an inducer (claimed by Johnson & Stanier, 1971a) and as a repressor (Hughes & Bayly, 1983 ) of C230 synthesis. Only DHB provoked the expression of C230 synthesis, though it is not clear whether DHB itself is the inducer since spontaneous decomposition of DHB to phenol or salicylate may be occurring. However, no trace of phenol or salicylate could be detected in the supernatant, but this does not exclude the possibility that these compounds were present in the cell. C230 activity was found only towards the end of the culture period (a maximum specific activity of around 35 nmol mg-' min-' was measured, but was still increasing when the substrate was exhausted; Fig. 5 ), whereas an extremely low but constant phenol hydroxylase activity was detected in the cells throughout the culture period. It is interesting to note that Hughes & Bayly (1983) suggested a total repression of phenol hydroxylase by benzoate and catechol, and a 50% repression of the other enzymes of the meta-cleavage pathway by these compounds. Though our results suggest that the term total is perhaps exaggerated, such a control could explain the lack of induction of phenol hydroxylase by DHB. The accumulation of acetate, a product of the catechol meta-cleavage pathway, confirms that the other enzymes downstream of C230 in the meta pathway were also induced. The inability of A . ezltrophtls to convert acetate to acetyl-CoA is coherent with the repressed synthesis of acetyl-CoA synthetase observed during rapid growth on benzoate (Ampe & Lindley, 1995) . The absence of acetyl-CoA synthetase activity was also confirmed here. However, the blockage of the pathway at this level provided a fortuitous manner by which flux distribution between the two pathways for the degradation of catechol could be estimated. Approximately 20% of the accumulated catechol was reconsumed through the meta-cleavage pathway. As both catechol dioxygenases have similar affinities for catechol and oxygen (see Fig. 7 ), the synthesis of C230 can be considered as a net increase in the amount of enzyme for the degradation of catechol.
Growth with 55 mM benzoate
When A. etltrophus was grown with 55 mM benzoate, the kinetic profile was different from that observed with 17-40 mM benzoate (Fig. 6 ). When growth still showed an accelerating pattern, values for the specific rate of benzoate consumption were much lower than those found in the experiments described previously, i.e. constant at approximately 3 mmol 8-l h-' during the first 20 h of growth. The qbenzoate increased thereafter with accumulation of catechol and DHB when specific rates exceeded the value of 5.2 mmol g-' h-l.
Inactivation of B l 2 0
B120 activity was assayed by respirometry on whole cells throughout the various batch cultures as well as in the chemostat described above (Fig. 3b) . Results showed that B120 activity was high (i.e. 3 9 mmol benzoate 8-l cell dry wt h-l, value always greater than the qbenzoate calculated for all the cultures) for benzoate concentrations up to 40 mM. Above this concentration, the specific activity fell sharply to 3 mmol benzoate 8-l h-' or less, suggesting that the enzyme had been inactivated or its synthesis repressed. Cells grown in the presence of 55 mM benzoate regained high B120 activity when the concentration of the aromatic compound decreased. The Growth of A . eutrophtls at high benzoate concentrations other enzymes of the ortho pathway assayed did not appear to be affected (results not shown). Therefore, in the presence of high benzoate concentrations (over 40-45 mM), the conversion of benzoate into DHB by B120 becomes the limiting step for the degradation of the aromatic compound.
Conclusions
(1) Benzoate at low concentrations (< 5 mM) was a good substrate for the growth of A. etltrophw 335, but at higher concentrations up to 40 mM, growth was inhibited, but not the degradation of the aromatic compound. It may be possible to exploit this in waste water treatment or depollution strategies in which it is important to have high degradation yields with only minimal biomass production.
(2) The localization of metabolic bottlenecks in the ortho pathway were shown to change in response to the substrate concentration (results are summarized in Fig. 7) . At low concentrations (around 5 mM), a maximum flux was observed through the ortho-cleavage pathway to- gether with high efficiency fueling of an optimized central metabolism with regard to both anabolic precursor metabolites and the necessary co-enzyme requirements (i.e. low maintenance). For higher concentrations of up to approximately 40 mM, the bottleneck clearly appeared to be the ortbo-cleavage of catechol into cis,cis-muconate catalysed by C120, and perhaps as a consequence of this phenomenon though to a lesser extent, the conversion of DHB to catechol. Finally, at high concentrations (55 mM), the significantly diminished specific activity of B120 became limiting.
(3)
The accumulation of DHB provoked the induction of the other major pathway for the degradation of catechol, the meta-cleavage pathway. We have presented here the first evidence for the role played by DHB in the induction of the meta pathway. Once this pathway had been induced, cells accumulated acetate, the product of the degradation of catechol via this pathway, as would be expected if the repression of acetyl-CoA synthetase activity by catechol (Ampe & Lindley, 1995) is taken into account.
(4) Pyruvate and the flux through pyruvate in A . etltropbtls appear to play an important role in the efficiency of central metabolism. This is supported by the two following observations: (i) growth was very efficient when PDH was not necessary (Fig. 2a) ; and (ii) the induction of the meta-cleavage pathway on high concentrations of benzoate could also be interpreted as an extra source of pyruvate, one of the direct products of this pathway. (1 985). Transposon mutagenesis and cloning analysis of the pathway for the degradation of 2,4-dichlorophenoxyacetic acid and
